Abstract-We present simulation and phantom studies demonstrating a strong correlation between errors in shear wave arrival time estimates and the lateral position of the local speckle pattern in targets with fully developed speckle. We hypothesize that the observed arrival time variations are largely due to the underlying speckle pattern, and call the effect speckle bias. Arrival time estimation is a key step in quantita 
I. Introduction M easurement of the speed of shear waves generated by acoustic radiation force impulses offers a means of characterizing tissue noninvasively that may potentially supplement or replace more invasive methods, such as biopsy [1] . Estimation of liver fibrosis stage using ultrasound shear wave elastography is one such application [2] . A challenge for this approach is the small change in shear wave speed associated with early-stage fibrosis [3] . For instance, Sporea et al. [4] reported shear wave speed thresholds of >1.19 m/s for F1, >1.33 m/s for F2, and >1.43 for F3, suggesting the need for high-precision shear wave speed measurements to accurately stage fibrosis.
Speckle tracking is commonly employed to estimate tissue motion in ultrasound elastography. Ultrasound backscatter (B-mode) images are dominated by speckle, which arises from the coherent insonification and phasesensitive detection of randomly distributed sub-resolvable scatterers. Speckle provides a texture for motion tracking throughout tissue that enables the many varieties of ultrasound elastography [5] , [6] .
All elastography techniques involve deformation of tissue, which leads to imperfect correlation of the echoes used to track tissue motion. Strain elastography typically involves large (10 −3 m or greater) displacements and correspondingly large strains, leading to a need for sophisticated 2-D or 3-D speckle tracking techniques to estimate frame-to-frame motion [7] [8] [9] [10] . In contrast, acoustic radiation force impulse (ARFI) based elastography typically involves axial displacements on the order of 10 −5 m or less, and displacement profiles of a scale comparable to the ultrasound beam width. One-dimensional normalized windowed cross-correlation [11] or more computationally efficient phase estimation methods [12] are typically used to estimate tissue motion induced by ARFI pulses. The correlation of echo signals used to track tissue motion is generally quite high (>0.95), allowing tracking of micrometer-scale displacements in vivo [13] , [14] . Shearing of the scattering sites in the tissue and the resulting imperfect correlation of tracking echoes is one source of noise in ARFI elastography [15] , [16] .
ARFI elastography techniques are dynamic, involving mechanical excitation timescales resulting in the generation of shear waves of length comparable to the ultrasound beam width used to track them. Quantitative techniques such as shear wave elasticity imaging (SWEI) [17] , acoustic radiation force impulse time-to-peak (ARFI-TTP) [18] , shearwave dispersion ultrasound vibrometry (SDUV) [19] , spatially modulated ultrasound radiation force (SMURF)/ single tracking location SWEI (STL-SWEI) [20] , [21] , and supersonic shear imaging (SSI) [22] rely directly on shear wave propagation, attempting to estimate the velocity of radiation-force induced shear waves. In each of these methods, tissue motion is tracked at one or more locations lateral to the ARFI excitation, and either the arrival time of a transient shear wave or the phase of a harmonic wave is measured.
Shear wave arrival time estimates are observed to be noisy, both in simulation and in practice, even with high echo SNR [23] . As a consequence of this fact, shear wave velocity estimation techniques that rely on timing the arrival of shear wave propagation at multiple tracking locations require spatial averaging to obtain good estimates of shear wave velocity. This may be accomplished simply by using long correlation windows and widely spaced tracking beams, at the cost of spatial resolution. More sophisticated techniques to smooth arrival time estimate data, reject outlier estimates, and improve robustness have been demonstrated, e.g., RANSAC [24] .
We have previously demonstrated that estimation of shear wave velocity using single-tracking-location methods exhibit significantly less variation in arrival time estimation [23] , [25] . In these methods, multiple shear wave sources with known positions are employed, and tissue motion is tracked along a single A-line. Because the scatterers are common to all tracking echoes and the shear waves are similar, the observed arrival time bias at a given location is stable. At a given tracking position, a common arrival time error is added to each tracked shear wave; this common error is suppressed when the arrival time difference is calculated to estimate shear wave velocity.
The observation of stable arrival time bias motivated the present study to understand its mechanism. We hypothesize that the observed arrival time variations are largely due to the underlying speckle pattern, and call the effect speckle bias. Speckle arises from coherent illumination of scatterers and phase-sensitive detection of echoes. Constructive and destructive interference of echoes from randomly distributed scatterers gives rise to strong and weak echoes from particular points within the tissue. The amplitude of the tracked echo is a combination of the spatial sensitivity function of the imaging system and the particular scatterer interference pattern. Interference of scatterers within the spatial sensitivity function can result in a total echo signal that arises from a location off the tracking beam axis. That is, the tracked echo can correspond to a point within, though not necessarily centered in, the spatial sensitivity function of the system. The motion tracked will correspond to this off-axis point, resulting in a biased estimate of the shear wave arrival time.
In this paper, we demonstrate a strong correlation between the shear wave arrival time estimate and the local speckle pattern. We find a high correlation between the lateral location of peak speckle brightness at a given range and the bias of the time-to-peak (TTP) shear wave arrival time estimate. The potential to improve estimates of shear wave arrival time using this correlation is investigated through simulation and phantom studies. Our simulations suggest that high RF echo correlation does not equate to an accurate shear wave arrival time estimate, and that RF echo correlation is weakly related to arrival time estimate accuracy.
Although the presence of a strong on-axis speckle is associated with high RF correlation and low arrival time bias, the converse does not appear to be true-highly correlated RF echoes can still produce biased arrival time estimates. The shear wave arrival time bias is relatively stable with variations in shear wave amplitude and polarity compared with the variation with different speckle realizations obtained along a given tracking vector. We observe that the arrival time bias is weakly dependent on shear wave amplitude compared with the variation with axial position/local speckle pattern.
II. Description of Speckle Bias of Shear Wave
Arrival Time Estimates
Tracking of scatterers distributed throughout an elastic target is illustrated in Fig. 1(a) . Ultrasound tone bursts emitted from a transmit aperture are scattered by sites within the target and collected by a receive aperture. The product of the transmit and receive spatial sensitivity patterns determines the overall spatial sensitivity function (SSF) [26] . Within the SSF, scatterers generate echoes, which may constructively or destructively interfere. The received echo carries information about points within the SSF that are not suppressed by destructive interference. As tissue motion is tracked, the system is sensitive to areas of constructive interference, whereas areas of destructive interference are hidden.
One might suspect that a map of the regions of constructive interference or strong echo within the ultrasound tracking beam would be correlated with shear wave arrival time biases. For instance, in estimating the arrival time of the left-to-right propagating shear wave in Fig. 1(a) , a strong echo on the left side of the tracking beam axis would tend to bias the arrival time early, whereas a strong echo on the right would have the opposite effect. To create such a map of the local sensitivity of the system to a particular distribution of scatterers, a weighted sweptreceive (WSRx) image is calculated as follows. A sweptreceive image is formed by keeping the transmit aperture in a fixed location while the receive aperture is translated across the region of interest. The formation of this image is illustrated schematically in Fig. 1(b) . Processing of the echo data obtained is otherwise the same as conventional B-mode imaging: RF echo data are envelope detected and scan converted based on the geometry of the receive beam. This forms an image of the transmit beam profile. To estimate the speckle pattern as seen by the tracking receive aperture, the swept-receive image is weighted laterally by the receive aperture sensitivity function. This produces a localized speckle pattern. Lateral weighting functions other than the receive beam pattern may be employed and are considered later in this work.
Simulation of scatterer displacement by a shear wave and ultrasonic tracking may be performed using windowed normalized cross-correlation as described in Section III. From the tracked displacements, the arrival time of the shear wave at a given axial position may be found from the time to peak displacement. Within the simulation, the position x 0 of the shear wave at time t = 0 is known, as is the shear wave speed. The TTP estimated arrival time t a of the shear wave may be scaled by the shear wave speed to estimate the tracked location in the target, x t = c s t a + x 0 . An example of a simulated WSRx speckle pattern is illustrated in Fig. 1(c) , along with an overlay of the scaled arrival time estimate of the tracked location. Comparison of the speckle image and the scaled arrival time reveals a clear correlation.
This correlation suggests that shear wave arrival time estimate accuracy might be improved by using the WSRx to adjust the tracking location from its expected position. Rather than assuming that the tracked location is along the tracking beam axis, the tracked position at a given depth might be estimated from the WSRx image. Here, as described in Section III, we estimate the lateral position of the tracking region from the peak or the first moment of the WSRx image at each depth. In Section IV, we demonstrate a reduction in the arrival time estimate error by using these estimates of the tracked location, rather than the assumed beam axis.
The simulations and measurements presented in this paper involve estimation of a shear wave along a single A-line. In single-tracking-location (STL) techniques, such as SMURF and STL-SWEI [20] , [21] , [25] , tracking data from a single A-line is all that is required to estimate shear wave speed, because the spacing between shear wave peaks (SMURF) or the locations of the shear wave sources (STL-SWEI) is known. Speckle bias is suppressed in STL methods, though tracking at multiple locations, as with parallel receive beamforming, can be useful as a means to suppress uncorrelated noise [23] , [27] . In the multiple tracking location (MTL) case, tracking is performed at two or more locations, and shear wave speed is estimated from the differences in shear wave arrival time at two or more tracking locations. In this case, the speckle bias can be significant, because it varies the propagation path length from what would be assumed based on the geometric centers of the tracking beams.
III. Methods
Simulations were performed to better understand and quantify the relationship between the swept-receive image and the postulated arrival time bias with a plane shear wave of known speed. A corresponding set of phantom measurements were also made using ARFI excitation of shear waves at sufficient distance from the tracking location that a plane wave approximation could be made. Both the simulated and phantom targets were ultrasonically and elastically homogeneous.
A. Simulations
Field II [28] , [29] was used to simulate imaging of elastic targets displaced by a shear wave. The simulation geometry was as depicted in Fig. 1 . A 192-element linear array, similar to the Siemens (Issaquah, WA) VF 10-5 transducer, was modeled. Simulations were performed with an ultrasound center frequency of 5.3 MHz and a sampling rate of 1 GHz. The high oversampling was used to ensure small target displacements were well represented. Rectangular apodization was used for both transmit (f/3 to f/8) and receive (f/2 and f/4) apertures. A fixed transmit focus at 3.8 cm and dynamic receive focusing were simulated.
Fully developed speckle targets were modeled by 12 000 scatterers randomly distributed in the xz-plane within the rectangle defined by 0.5 cm < x < 0.5 cm and 2.8 cm < z < 4.8 cm. This resulted in an average of 20 scatterers per resolution cell, which has been reported to be sufficient to generate fully developed speckle [14] . Ten independent scatterer realizations were generated. B-scan and sweptreceive imaging were performed for each set and each transmit/receive aperture combination. The parameters of these imaging modes were identical other than that the transmit beam remained centered at x = 0 in the sweptreceive case. A Gaussian lateral weighting was applied to the swept-receive beam pattern as
with σ W varied from 0.05 to 0.8 mm. The weighting function was not made depth dependent because the receive sensitivity function does not change appreciably in the region of interest because of the use of dynamic receive focusing. Two metrics were calculated to describe the lateral position of the WSRx speckle pattern. The first moment x m of the WSRx speckle signal at axial position z was calculated as
where x n is the lateral position of the nth A-line. The lateral peak x p (z) was determined from the maximum of the WSRx at a given axial position z. The WSRx data were interpolated laterally by a factor of 4 before maximum detection. Each scatterer realization was displaced by a Gaussianpulse plane shear wave described by
where u represents the displacement in the +z direction, A is the peak displacement (±5, 10, 20 μm), c is the shear wave speed (±1.4 m/s, i.e., both the +x and -x directions were simulated), and σ is the pulse width parameter (0.5 mm). In this model, the peak displacement at the tracking location x = 0 occurs at t = 0, i.e., x 0 = 0. Echo collection was simulated from −2.2 to 2.2 ms at a simulated pulse repetition frequency of 10 kHz, corresponding to a maximum (ambiguity-free) imaging depth of 7.7 cm. RF echo tracking was performed by normalized crosscorrelation, using the first simulated echo as the reference echo for comparison with all subsequent echoes. A tracking window length of 2λ was used. Subsample RF displacement estimates were obtained by parabolic interpolation of the cross-correlation signal peak [30] .
Two methods were used to determine the shear wave arrival time: time to peak displacement (TTP) [18] and first moment of the displacement as a function of time (TFM). In the peak-displacement estimation, subsample shear wave arrival time estimates were obtained by slowtime interpolation (10×) of the displacement estimates. The first moment estimate of arrival time was calculated as
where T = 0.1 ms is the pulse repetition period, n is the slow-time index, and û n is the estimated displacement. The absolute value of the displacement was used in the moment calculation because decorrelation effects can lead to apparent small negative displacements, even when the individual scatterer displacements [see (3) ] are always positive, leading to unrealistic arrival time estimates.
Arrival time estimates calculated by either method were converted into a lateral position by scaling with the simulated shear wave velocity. This scaling allowed for the lateral position of the speckle pattern (peak or first moment) to be readily compared with the shear wave arrival time estimate. The four differences, peak or first moment lateral speckle position minus the peak or first moment scaled arrival time, allowed for estimation of the potential corrective benefit obtained through knowledge of the lateral speckle position in shear wave arrival time estimation.
B. Phantom Measurements
Homogeneous gelatin phantoms similar to those described in [31] were fabricated for in vitro measurements of the relationship between swept-receive speckle patterns and arrival time bias. Phantoms were composed of 380 mL of deionized water, 8.9 g of 100-bloom and 17.8 g of 200-bloom gelatin, 80 g of cornstarch for ultrasound scattering, 18.2 mL of n-propanol for sound speed adjustment, 2 mL of gluteraldehyde for cross-linking, and 4 g of mold inhibitor (87-6165, Carolina Biological Supply Company, Burlington, NC, USA). Phantoms were cast in cylinders of ~7 cm diameter and height, and were rotated continuously overnight while setting to maintain homogeneity. Phantoms were imaged with B-mode and SWEI imaging to verify uniformity and to determine the mean shear wave speed, 1.4 m/s.
Scanning was performed using a Siemens SONOLINE Antares scanner and VF 10-5 linear array at a frequency of 5.71 MHz with standard B-mode and custom beam sequences. Data were obtained at 10 different positions in the phantom, each representing an independent speckle realization. Swept-receive images were formed with an f/3, f/5, or f/8 transmit aperture centered in the array, focused at a depth of 2 cm, while a dynamically focused f/2 or f/4 receive aperture was translated over the field of view in 0.150 mm steps. One transmit pulse was fired for each receive aperture position. Aside from the fixed transmit aperture, swept-receive images were formed in the same manner as standard B-mode images. Gaussian lateral weighting of the resulting swept-receive image and identification of the lateral position of the peak speckle brightness at each depth was performed as in the simulations described earlier.
Following swept-receive image formation, shear waves were generated in the phantom using acoustic radiation force impulses. An f/3.5 aperture was used to transmit a 53-μs toneburst. The aperture and focus were offset laterally by 4.794 mm relative to the center of the array. Immediately after transmission of the push pulse, tracking pulses were transmitted from f/3, f/5, or f/8 apertures centered in the array and focused at a depth of 2 cm, and received with similarly centered, dynamically focused f/2 or f/4 apertures. The tracking beam thus exactly matched the center A-line of the swept-receive image. The pulse repetition frequency of the tracking pulses was 10.5 kHz, and a total of 128 tracking pulses were acquired for each push pulse. A 10× interpolation was applied to the velocity data, for an effective slow time sampling rate of 105 kHz.
Phantom motion was tracked by windowed normalized cross-correlation of consecutive echoes, i.e., echo n was cross-correlated with echo n + 1. The resulting estimate of the relative motion between echoes, scaled by the pulse repetition frequency, yielded the material velocity of the phantom. Shear wave excitation was repeated 16 times and the resulting velocity traces averaged to produce a final estimate and minimize the effect of uncorrelated noise. Time to peak displacement was obtained from the positive-to-negative zero crossing of the material velocity. As in the simulations, shear wave arrival time estimates (TTP values) were converted to lateral position by scaling by the previously measured shear wave speed.
IV. Results
Representative B-scan images of both the simulated and phantom targets are shown in Fig. 2 . We verified that the simulation produced fully developed speckle by calculating the ratio of the mean envelope amplitude over the standard deviation. The value obtained, 1.9, is consistent with fully developed speckle [32] .
Two-dimensional histograms depicting the joint probability density of the location of the lateral speckle peak of the WSRx image at a given axial position and the scaled estimated shear wave arrival time obtained from the simulation are presented in Fig. 3 . These joint densities were obtained for lateral weighting functions w(x) with widths σ W equal to that of the receive point spread function. Observed correlation coefficients for each of the simulated transmit and receive aperture configurations are listed in Table I . As expected, a clear correlation is observed between the lateral position of the speckle peak and the arrival time bias. Increasing transmit and receive f-numbers produces a greater spread of both the arrival time estimates and the lateral speckle position, consistent with what would be expected from the correspondingly larger spatial sensitivity functions associated with higher f-numbers. Fig. 4 presents the corresponding result from the phantom measurements. The same correlation is observed between the speckle position and arrival time error, though a somewhat greater range of arrival time errors is observed.
The correlation between the lateral position of the WSRx speckle pattern and the arrival time bias, shown in Figs. 5 (simulation) and 6 (phantom) does not peak at the the value of σ W equal to that of the receive point spread function, but increases as the weighting function is narrowed. The correlation coefficient is a strong function of σ W for the f/2 receive aperture and somewhat less so for f/4. The root-mean-square error (RMSE) and correlation variation with σ W are largely determined by the receive f-number, and do not change appreciably with transmit fnumber. Better agreement is observed between the simulation and phantom results for the f/2 receive aperture. This may be due in part to the smaller point spread function associated with the larger aperture; the shear wave within this smaller sample volume is better approximated by a plane wave. Somewhat lower correlation coefficients are observed with the f/4 receive aperture in the phantoms than in the simulations, which again may be attributed to out-of-plane effects. Notable for both receive apertures is a rightward shift of the correlation peaks in the phantom data compared with the simulation data.
The result of using the WSRx information in an effort to reduce the arrival time estimate error is illustrated in Figs. 7 and 8 . The root-mean-square of the difference between the arrival time estimate τ (obtained by TTP or TFM) scaled by the shear wave c s and the lateral speckle position estimate x σ (obtained by peak or first moment of the WSRx data), i.e., x σ − c s τ, is reported as RMSE in Figs. 7 (simulation) and 8 (phantom). As might be expected, the RMSE exhibits a minimum that corresponds approximately to the width of the point response of the imaging system. The values of σ W corresponding to the RMSE minima do not show an appreciable dependence on the transmit f-number but vary with receive aperture. For a given receive f-number, an increasing transmit fnumber results in an increased minimum RMSE. In comparison with the simulation results, the phantom measurements exhibit approximately 1.5 to 2 times the RMSE of the simulation results. This may be attributable in part to the fact that the simulation models a perfectly plane shear wave propagating parallel to the scan plane, but the phantom experiment includes tracking beams with finite elevational extent and deviation from a pure plane shear wave. Nonetheless, the simulation and phantom results show good qualitative agreement.
Comparison of Figs. 5 and 7 reveals that the values of σ W yielding the highest correlation between the lateral position of the WSRx speckle pattern and the arrival time bias are smaller than the values of σ W which produce the greatest correction of the arrival time bias. This observation suggests that better correction of shear wave arrival times might be achieved than those indicated in Figs. 7 and 8. The correlation coefficient of two signals is independent of a multiplicative constant applied to one of the signals, and perfectly correlated signals are identical up to a multiplicative constant. Perfect correction of the arrival time error, on the other hand, requires not only that the error estimate be perfectly correlated with the actual error, but that it also be of the correct scale. The values of σ W which yield the highest correlation between the lateral position of the WSRx speckle pattern and the arrival time bias yield estimates of the arrival time error that are smaller than the true error. One might then expect that improved correction would be achieved by estimating the speckle lateral position using the value of σ W that yields the highest correlation while multiplying the speckle position estimate by a constant to achieve the correct amplitude.
An examination of the RMSE as a function of σ W was performed similar to that in Fig. 7 , but with an additional scaling variable γ applied to the lateral speckle position determined from the WSRx data, so that the root-meansquare value of γx σ − c s τ was calculated, with γ selected to minimize the RMSE for a given σ W . The results are presented in Fig. 9 . As expected, the minima of the RSME as a function of σ W correspond to the maxima of the correlation between the arrival time bias and the speckle lateral position as a function of σ W (Fig. 5) . A small additional correction is achieved in each case.
Relationships between the arrival time estimate accuracy and properties of the RF echo obtained from the simulations are illustrated in Figs. 10-12 . The average absolute scaled arrival time error as a function of the minimum RF tracking echo correlation coefficient over all slow time for a given axial location is shown in Fig. 10 . Mini- Fig. 3 . Two-dimensional histograms of speckle lateral peak location and TTP scaled by shear wave speed obtained from 10 simulated speckle realizations, for transmit f-numbers of 3 (left column), 5 (center column), and 8 (right column), and receive f-numbers of 2 (top row) and 4 (bottom row). Subscripts indicate arrival time estimation by time to peak (TTP) or time of first moment (TFP) and speckle location by lateral peak (LP) or lateral first moment (LFM). Correlation coefficients are evaluated for weighting function widths (σ W ) equal to the point-spread-function width (σ PSF ) and the correlation-maximizing, meansquared-error minimizing width (σ minMSE ). Tx = transmit; Rx = receive. mum RF echo correlation was selected as the metric as RF echo correlation varies over the passage of the shear wave through the tracking region, with correlation minima corresponding to maximum shearing of the scatterers. Maximum correlation is not an appropriate metric as perfect (unity) RF correlation is observed when the shear wave pulse is substantially outside the tracking region. The results indicate that echo correlation is weakly predictive of absolute error, consistent with the notion that tracking of a dominant off-axis speckle can simultaneously yield high RF correlation and a biased arrival time estimate. The relationship between the speckle amplitude on the tracking axis and the shear wave arrival time error (after subtraction of the shift predicted by the lateral speckle location) is shown in Fig. 11 . Bright on-axis speckles are correlated with low arrival time error, with increasing variance in estimate as speckle brightness decreases. The mean absolute error before and after correction is tabulated for each aperture configuration in Table II . The minimum correlation coefficient of the RF tracking echo shows a dependence upon on-axis speckle brightness, as illustrated in Fig. 12 . Bright on-axis speckles tend to have highly correlated echoes, whereas dimmer speckles are more varied in the range of observed correlation coefficients. Fig. 13 provides a representative example of the mean and the standard deviation of arrival time estimates scaled by shear wave speed (i.e., c s τ) as a function of axial position, with these statistics calculated over the six simulated shear wave displacement amplitudes (−20 −10, −5, 5, 10, and 20 μm). The variation in the arrival time estimate at a given axial position over this range of shear wave amplitudes, represented by the standard deviation, is small compared with the variation as a function of axial position. Therefore, it appears that, for the given range of shear wave amplitudes, the particular speckle realization plays a greater role in determining the arrival time error than does the echo decorrelation due to target deformation with the passage of the shear wave. The axial and shear wave amplitude dependent arrival time estimate variance for all aperture configurations is reported in Table III .
V. Discussion
The results presented here show a strong correlation between the arrival time bias at a given axial position and Values are calculated over 10 independent A-line realizations. Corrected values correspond to the two-dimensional histogram shown in Fig. 11 . Tx = transmit; Rx = receive.
the lateral position of the speckle pattern. Although such a correspondence would be expected for an isolated point target, the results presented here are perhaps less obvious because they are obtained in fully developed speckle targets. Although the speckle position and arrival time bias are correlated, the weighted swept-receive method described here does not allow for perfect correction of arrival time bias. The relationship between RF echo correlation and arrival time error as presented in Fig. 6 support the notion that high RF echo correlation does not imply a high-accuracy shear wave arrival time estimate. In the case of a single scatterer, this is intuitive-echoes from a single target will be perfectly correlated for small axial translations in the tracking beam focal zone, up to negligible beam diffraction and electronic noise contributions, but the estimated arrival time will depend on the position of the scatterer and not the tracking beam. High echo correlation in the fully developed speckle case modeled here indicates that a region was tracked with high precision, but not that the tracked region was centered along the tracking beam axis.
The relatively small change in arrival time error with shear wave amplitude compared with the larger change The minimum RMSE as a function of this scaling parameter was calculated and is plotted here at a given σ W . with speckle realization or axial position, as depicted in Fig. 10 , has important implications for the noise in shear wave speed estimates obtained by STL and MTL methods [22] . Small changes in shear wave amplitude, such as those due to varying distances from multiple shear wave sources to a particular tracking location, will have a small effect on the arrival time error; certainly smaller than the effect associated with a different speckle realization (Fig.  10 ). This observation is consistent with previous experimental comparisons of STL and MTL methods [23] , [25] , [27] . This property of the arrival time bias then gives an advantage to STL methods; taking the difference of arrival time estimates of two shear waves tracked at a single location, even of different amplitude, almost completely suppresses the speckle bias. In the MTL case, the two uncorrelated biases from two tracking locations are not suppressed when taking the difference. We can show that the speckle-bias-induced error in the shear wave speed estimate (in the MTL case) is proportional to the true shear wave speed of a homogeneous material. Speckle bias shifts the tracked location at a given A-line away from the geometric center of the beam, in effect changing length of the propagation path over which the shear wave is timed. The arrival time difference for track beams at locations x 1 and x 2 is 
where the approximation holds when Δ ε ≪ Δ x . Under this approximation, the standard deviation of the shear wave speed estimate is σĉ = cσ ε /Δ x , and the percentage error in the wave speed estimate is (−100Δ ε /Δ x )%. The percentage error, then, depends on the relative size of the speckle bias error with respect to the beam spacing. As the results indicate, more tightly focused transmit and receive beams result in reduced speckle-bias-induced tracking position error. Although standard ARFI imaging [11] is not directly considered here, the results obtained also suggest speckle plays a role in the noise seen in ARFI images of uniform elastic phantoms exhibiting fully developed speckle. ARFI images of displacement at a particular time point exhibit variations in displacement, in spite of uniform material properties. Furthermore, the noise in data appears to be in the form of a multiplicative at each pixel. This is observed when comparing spatial and temporal dependencies of displacement, as in [33] . Measured displacements exhibit smooth variation with respect to time, but spatial derivatives are not smooth. This behavior is consistent with the tracking of an off-axis speckle. If the tracked location is off the push-beam axis (co-located with the tracking axis in the ARFI case), then a smaller displacement will be observed than if the tracked location were aligned with the push beam axis. Jumps in measured displacement as tracking shifts from one strong scatterer to another would lead to the observed spatial irregularity. Further investigation is needed to confirm this hypothesis.
A limitation of the simulations described here is the use of a plane wave model for the shear wave. As modeled, the displacement field is independent of the out-ofplane (y) coordinate. From a simulation standpoint this has the advantage of allowing a 2-D distribution of scatterers (in the xz-plane) to accurately model the echoes in response to such a plane wave-out-of-plane scatterers would move rigidly with those in the scan plane, and thus would not produce any change in the echo not captured by the 2-D scatterer distribution. A more realistic simulation would model the 3-D shear wave associated with a typical ARFI push pulse obtained by acoustic field simulation or measurement. Nevertheless, the qualitative agreement with the phantom results indicates an essential feature of speckle bias is captured in the simulation.
The understanding of speckle bias developed here also suggests methods for its suppression. One approach is the use of STL techniques, which inherently suppress speckle noise by registering at a common location the arrival time differences of shear waves from multiple sources [25] , [27] . The common speckle bias is suppressed when the differential arrival time is calculated. Several alternatives exist in the MTL case. Increasing the spacing between tracking beams to make the speckle bias a smaller fraction of the propagation path length is the most straightforward approach, but has the disadvantage of reducing spatial resolution. Methods that use more than two tracking locations and outlier suppression [24] are effective in reducing speckle-bias-induced noise. Finally, generating multiple speckle realizations of a target, as by spatial or frequency compounding [34] , [35] , allows averaging of an ensemble of speckle biases to reduce noise.
VI. Conclusion
A high correlation between the local speckle pattern of a diffuse scattering target and shear wave arrival time bias has been demonstrated through simulation and phantom measurements. The lateral position of the speckle in the WSRx image corresponding to a tracked region is strongly, though not perfectly, predictive of arrival time bias. This high correlation, coupled with the relative stability of the arrival time bias over a range of shear wave amplitudes compared with the variation in bias with different speckle realizations, suggests that speckle position, rather than echo decorrelation, is the major source of arrival time bias. The results suggest that use of RF echo correlation to predict the error associated with a shear wave arrival time estimate is unfounded, because little change is seen in the absolute error of arrival time estimates with RF correlation. Further investigation into the relationship between arrival time bias and speckle pattern may lead to improved compensation for speckle bias. . At each axial position, the mean is taken over the six simulated amplitudes for this particular speckle realization, and the standard deviation is likewise taken over the six amplitudes. The dependence of the scaled shear wave arrival time on shear wave amplitude is relatively weak compared with the particular speckle realization; values are listed in Table III . That is, changing the shear wave amplitude results in changes in the apparent tracked position that are small compared with the deviation due to the particular speckle realization. This result suggests that decorrelation is a small effect compared with speckle realization, at least for the range of shear wave amplitudes expected in ARFI-based shear wave elastography.
